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概要 
 
Seismic interferometry enables us to estimate changes in seismic velocity and seismic 
scattering property continuously by using cross-correlation functions (CCFs) of seismic ambient 
noise. In recent years, spatial distributions of seismic velocity changes associated with volcanic 
activities or earthquakes have been estimated at many places over the world. On the other hand, 
there are only a few previous studies that applied seismic interferometry to detect seismic 
scattering property changes related to volcanic activities or earthquakes. To estimate spatial 
distributions of seismic scattering property changes using linear least-squares inversions, it is 
necessary to know the values of scattering and intrinsic absorption parameters in a study area. 
These parameters are measures of medium heterogeneities, and have been estimated by using the 
data of natural earthquakes or active shot records. Therefore, it is difficult to estimate those 
parameters in the regions of low seismicity and no active seismic experiment. 
In chapter 2, we overcome such a limitation by developing a passive method for the estimation 
of scattering and intrinsic absorption parameters using seismic ambient noise CCFs. Firstly, we 
apply and validate the method at Sakurajima volcano, Japan. The scattering mean free paths and 
intrinsic absorption parameters estimated from the passive method are 1.6-2.4 km and 0.04-0.06 s-1 
at 0.5-1 Hz, 1.6-2.0 km and 0.08-0.09 s-1 at 1-2 Hz, and 1.6-3.2 km and 0.16-0.18 s-1 at 2-4 Hz, 
respectively. The validity of these results is confirmed at the 1-2 Hz and 2-4 Hz bands by comparing 
with these parameters estimated from active shot records at Sakurajima. Secondly, we apply the 
passive method to the focal area of the 2008 Iwate-Miyagi Nairiku earthquake and Miyakejima 
volcano, Japan. These parameters in the focal area of the Iwate-Miyagi Nairiku earthquake are 
estimated to be 30 km and 0.02 s-1 at the 0.5-1 Hz band. In the case of Miyakejima, the scattering 
mean free paths are estimated to be 1.6 km at the 1-2 Hz band and 2.0 km at the 2-4 Hz band, 
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respectively. The intrinsic absorption parameters are estimated to be 0.12 s-1 at the 1-2 Hz band and 
0.16 s-1 at the 2-4 Hz band, respectively. The estimated scattering mean free paths at Sakurajima 
and Miyakejima were 2-3 orders shorter than those in non-volcanic regions. 
In chapter 3, we conduct a time-lapse imaging of seismic scattering properties in a weak 
scattering regime using ordinary linear least-squares inversions. We apply seismic interferometry 
to seismic ambient noise data in the northeast part of Japan between 2008 and 2012 during which 
we had two large earthquakes of the 2008 Iwate-Miyagi Nairiku earthquake and the 2011 
Tohoku-Oki earthquake. About 5.7×10-4 km-1 of Δg value (Δg/g0 = 5.7 %) is estimated around the 
epicenter of the 2008 Iwate-Miyagi Nairiku earthquake. Structural changes due to the large fault 
slip and/or the strong motion may have introduced such a large seismic scattering property change 
in the shallow medium to the south of the epicenter. We also detected significant seismic scattering 
property changes around some active volcanoes in Tohoku region associated with the 2011 
Tohoku-Oki earthquake. The maximum change was estimated around the Bandai volcano and its 
Δg value is 3.6×10-4 km-1 (Δg/g0 = 3.6 %). Significant seismic velocity changes and subsidences 
around active volcanoes in Tohoku region associated with the 2011 Tohoku-Oki earthquake have 
been reported by some previous studies. Our results also show that significant structural changes 
occurred in similar regions. In the southwest part of Tohoku region, strong seasonal seismic 
scattering property changes were detected. The maximum Δg value is estimated to be 3.0×10-4 
km-1 (Δg/g0 =3.0 %) in winter. These regions are correlated with those of large precipitations.  
In chapters 4 and 5, we develop imaging methods of seismic scattering property changes to 
extend their applicability. Firstly, in chapter 4, we apply sparse modeling to estimate the spatial 
distribution of seismic scattering property changes and succeeded in detecting large coseismic 
changes of seismic scattering property at the south of the epicenter of the 2008 Iwate-Miyagi 
Nairiku earthquake using 17 seismic stations. In general, it is difficult to conduct imaging from the 
small number of seismic stations. However, the sparse modeling enables us to conduct the imaging 
even from a small data set. The maximum value ofΔg, a variation of scattering coefficient, at this 
region is estimated to be 0.032 km-1 (Δg/g0 = 97 %). We also conduct the ordinary linear 
least-squares inversion with the L2 norm regularization, and confirm that the result from the 
sparse modeling and that from the L2 norm regularization are consistent. We explore the 
applicability of sparse modeling by reducing the number of seismic stations and confirm that we can 
retrieve the change regions from at least 5 stations which are deployed to surround the change 
regions.  
In chapter 6, we discuss future developments of the space-time imaging of seismic scattering 
properties and structural monitoring with multi parameters. 
In this thesis, we have developed a self-contained approach to the estimation of space-time 
changes of seismic scattering properties based on seismic interferometry. By applying the 
appropriate imaging method, we can locate significant seismic scattering changes both in a weak 
scattering regime and strong scattering regime. Moreover, the passive estimation of scattering and 
intrinsic absorption parameters and the sparse modeling will be useful to improve the applicability 
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of the passive time-lapse imaging. By conducting imaging in various regions and comparing the 
results with other observations, relationships between seismic scattering changes and other 
changes will be understood. This should contribute to the monitoring of the dynamic Earth and the 
understanding of their physical mechanisms. 
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論文審査の結果の要旨 
 
地震や火山活動に伴う地下構造の時間変化を地震波干渉法に基づき検出した事例が世界各
地で報告されている．地震波速度の変化はこれまでに多数報告されているが，地震波散乱特性の
変化は報告が数例にとどまり，この現象のさらなる理解のため解析事例の蓄積が待たれるところで
ある．廣瀬郁提出の博士論文では，解析手法の高度化と適用範囲の拡大を目的として，地震のデ
ータを一切用いず雑微動のデータのみを用いて，地下の地震波散乱特性の時空間変化を推定す
る枠組みを構築した． 
まず雑微動の相互相関関数のエンベロープを用いて，地震波の散乱・内部減衰パラメータを推
定する手法を新たに開発した．これにより，自然地震や人工地震の記録を使用する必要がなくなり，
地震活動が活発ではない地域においても散乱・内部減衰パラメータの推定を可能とした．次に，こ
の手法による結果を利用して感度カーネルを計算し，観測された雑微動の相互相関関数の形状
変化から地震波散乱特性の時空間変化を実際に推定した．東北日本における解析では，弱散乱
領域における従来の線形化逆問題を解いた．その結果，2008年岩手宮城内陸地震，2011年東北
地方太平洋沖地震に伴う地震波散乱特性の時間変化を検出し，その変化域は震源域やいくつか
の活火山の周辺に求められた．さらに，観測点の少ない場所での解析を想定して，スパースモデリ
ングの適用可能性についての検討も行った．火山のような強散乱領域においては線形化逆問題
の適用が困難なため，モンテカルロ法による数値計算を用いて感度カーネルを計算し，グリッドサ
ーチに基づき地震波散乱特性の変化域のパラメータを推定する手法を新たに開発した．2015年の
桜島におけるダイク貫入の際には，その数か月前から広域的な地震波散乱特性の変化が見られ，
ダイク貫入直前には地震波散乱特性の変化がダイク周辺の狭い領域に集中してきたことが分かっ
た． 
以上の成果は，地震波散乱特性のみならず地震波速度の時空間変化のイメージングにも大きく
貢献するものである．またこれらの成果は，新しい手法を適切にプログラム化するとともに，大量の
データを扱う能力により可能になったものである．これは，廣瀬郁が自立して研究活動を行うに必
要な高度の研究能力と学識を有することを示している．したがって，廣瀬郁提出の博士論文
は，博士（理学）の学位論文として合格と認める． 
